SalmoneUa minnesota Re and Ra lipopolysaccharides (LPSs) and Escherichia coli K-12 LPS formed three-dimensional crystals, either hexagonal plates (preferential growth along the a axis) or solid columns (preferential growth along the c axis), when they were precipitated by the addition of 2 volumes of 95% ethanol containing 375 mM MgCl2 and incubated in 70% ethanol containing 250 mM MgCl2 at 4TC for 10 days.
the same experimental conditions. Bacterial lipopolysaccharide (LPS) is the constituent of the outer membrane of gram-negative bacteria and consists of the polysaccharide (O antigen) which is linked to the R core consisting of oligosaccharide, which in turn is linked to the lipid portion termed lipid A (49) . LPS strongly elicits a variety of host reactivities through interactions with humoral and cellular factors of the host. It has been widely accepted that the lipid A portion is mostly responsible for the biological activities of LPS (14, 17, 47) , although the polysaccharide or the R core can modify the strength of action in some biological activities. Recently, studies on the relationship between chemical structure and biological activity of lipid A components have progressed greatly, since synthetic preparations of lipid A components and related compounds have been available (16, 18, 20, 22, 23, 26, 32, 33, 46) . Although several studies have been done on the three-dimensional structure of LPS (4, 10, 11, 34, 35, 39, 40, 56 ) and a schematic model of LPS has been proposed (34), the conformation of LPS has not been determined conclusively. We have found (29) (30) (31) that certain of the R-form LPSs form ordered two-dimensional hexagonal structures in the presence of MgCl2. During the experiments, we noticed that R-form LPSs from Salmonella minnesota and Escherichia coli K-12 form three-dimensional crystals when they are precipitated by the addition of 2 volumes of 95% ethanol containing 375 mM MgCl2 and suspended in 70% ethanol containing 250 mM MgCl2 and incubated at 4°C. We present here analyses of crystals of these R-form LPSs. This report is the first one that has demonstrated the formation of three-dimensional crystals of LPS.
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MATERIALS AND METHODS LPS. LPS from S. minnesota R595 (Re mutant), S. minnesota R60 (Ra mutant), and E. coli K-12 JE1011 (53) were used in this study. S. minnesota Re LPS was extracted by the phenol-chloroform-petroleum ether method (19) . S. minnesota Ra and E. coli K-12 LPSs were extracted by the phenol-water method (57) and purified by treatment with RNase and ultracentrifugation at 100,000 x g for 1 h, as described previously (30) . Free lipid A was extracted after hydrolysis of Re LPS at 100°C for 1 h in 1% acetic acid as described previously (27) .
Experimental conditions to form crystals of LPS. The LPS preparations obtained were further purified by treatment with sodium dodecyl sulfate (SDS) and were finally recovered by precipitation with ethanol containing MgCl2 in the following way, according to a modification of the procedure described by Darveau and Hancock (7) . LPS was dissolved by suspending it in 0.5% SDS in 50 mM Tris buffer at pH 8.0 to a concentration of 1 mg/ml and by boiling it for a few seconds. Two volumes of 95% ethanol containing 375 mM MgCl2 were added to the supematant after centrifugation to precipitate the LPS, and the mixture was stored at 4°C overnight. The precipitate of LPS was separated by centrifugation at 20°C (to prevent precipitation of SDS) and washed three times with 70% ethanol at 20°C to remove SDS, suspended in 70% ethanol containing 250 mM MgCl2, and stored at 4°C for 10 days. Then, the precipitate was washed three times with 70% ethanol at 20°C, suspended in 70% ethanol to a concentration of 1 mg/ml, and stored at 4°C. Electron microscopy. It was preliminarily found that crystals of LPS are easily destroyed during observation in a conventional electron microscope. Therefore, for observation and analysis of crystals, a high-resolution cryo-electron microscope (12, 13) (JEOL, Ltd., Akishima, Japan) operating at 400 kV and equipped with a cryo-stage which was cooled with superfluid helium (superfluid cryo-stage) and a cryo-transfer system was used unless indicated otherwise. For the preparation of specimens to be tested, a drop of crystals was placed on a supermicrogrid which was coated with carbon and then gold, and the liquid was removed from the reverse side of the grid with filter paper. The same procedure was repeated three times. Immediately after the liquid was thoroughly removed with filter paper, the grid was promptly dropped into ethane chilled with liquid nitrogen by using a Reichert-Jung KF80 apparatus. The frozen grid was introduced through a cryo-transfer holder into a high-resolution cryo-electron microscope. In a preliminary experiment it was confirmed that residual water on a grid did not form ice crystals but formed a thin layer of vitreous ice. For taking electron diffraction patterns, the length between the camera and the sample was 100 or 120 cm. For observation of some preparations of crystals ( Fig. 1E and F and 4E ), a drop of the specimen was placed on a carbon-coated copper grid, and the excess liquid was removed with filter paper, leaving a thin film that was air dried. The materials were examined with an electron microscope (JEM-2000FX) or a superconducting cryo-electron microscope (JEOL) (24) operating at 200 kV. For negative staining, an air-dried specimen on a carbon-coated grid was stained with 2% ammonium molybdate as described previously (29) , and the stained materials were examined with an electron microscope (H500; Hitachi) operating at 100 kV.
X-ray diffraction. X-ray diffraction with synchrotron radiation was carried out in beamline 6A2 of the Photon Factory (National Laboratory for High Energy Physics, Tsukuba, Japan). Diffraction data were collected at 20°C by using a Weissenberg camera, which was specially designed by Sakabe (51) (44) . For elicitation of the dermal Shwartzman reaction, essentially the same procedure described previously (28) (45) . Density determinations of LPS crystals by using CsCl solutions in water were also performed simultaneously with density determinations by using metrizamide solutions, because the density of S. minnesota Re LPS determined with CsCl was previously reported (10) .
Molecular weights of LPS calculated based on the proposed structures. The molecular weights of S. minnesota Re and Ra LPSs were calculated based on the proposed structure for the heptaacyl lipid A component (47) (48) (49) and that for the hexaacyl component (21, 23, 47) . In the calculation of the molecular weight of the heptaacyl compound, 4-amino-4-deoxyarabinopyranose and phosphorylethanolamine, which were shown to bind only partially to the disaccharide backbone (48, 49) , were not included. The molecular weight of E. coli K-12 LPS was calculated on the basis of the proposed structure (21, 23, 25) . The (Fig. 1A through C) , whose greatest dimensions were 10 ,um in a diagonal line, or solid columns ( Fig. 1D through F (Fig. 1A through C) . Thin crystals usually possessed flattened apices (Fig. 1A) . Thin crystals of smaller than 1 ,um tended to exhibit oval or round shapes ( Fig. 1B and C) . Thick crystals were composed of multilayered structures (Fig. 1C) (Fig. 1F) . High magnification of the solid column crystals revealed lattice fringes with about 5.5 nm of spacing (the ratio of the width of the dark zone to that of the clear zone was about 1:3) (Fig. 1E) . Thin central lines were observed in the clear zone of the lattice fringes, indicating that the lattice fringes consist of bilayer structures (Fig. 1E) . When the solid column crystals were treated with 2% ammonium molybdate for negative staining, the lattice fringes became more clearly visible than they did in the unstained preparation, but the crystals treated in this way tended to be partially disintegrated into ribbonlike structures with approximately 5.5-nm widths (Fig. 1G) .
Analysis of the hexagonal plate crystals by electron diffraction from the direction perpendicular to the basal plane showed that the crystal system is hexagonal with a d value of 0.40 nm (the a-axis value was 0.462 nm) ( Fig. 2A) . The crystals were labile to the electron beam, even at a specimen temperature lower than 8 K, which could be reached by high-resolution cryo-electron microscopy (12, 13) . The electron diffraction spots taken at the second exposure were very weak (Fig. 2B ), and they faded completely by the third exposure. The accumulated electron doses for two exposures were calculated to be 1.6 electrons per 0.01 nm2. This is an extraordinarily small dose compared with the damaging doses for other crystals, for example, tRNA crystals which tolerate electron doses greater than 85 electrons per 0.01 nm2 at temperatures lower than 8 K (13). When analyzed by electron diffraction, the solid column crystals revealed a periodicity of 5.5 nm (Fig. 2C ), which apparently corresponds to the lattice fringes observed in the electron micrograph (Fig. 1E) . Lability of the electron diffraction patterns was also observed with the solid column crystals.
Analysis by electron diffraction of the hexagonal plate crystals which were kept in 70% ethanol for an additional 180 days revealed that the crystals became at least 20-fold more resistant to the electron beam than did those tested at early times. Moreover, a considerable proportion of the crystals at this stage exhibited the diffraction patterns of the hexagonal system with a d value of 0.80 nm (the a axis value was 0.924 nm) (Fig. 2D ). This indicates that in many crystals the hexagonal crystal system changed to an exactly twofold larger dimension during the incubation period.
We determined the length of the c axis by tilting the hexagonal plate crystals which were kept in 70% ethanol for an additional 180 days. The electron diffraction pattern from a crystal showing hexagonal lattices with the a axis of 0.462 nm and that from the same crystal tilted at 280 12' are shown in Fig. 3 . The distance from the spot 0220 to 0220 (also 0110 to 0110) in the pattern of the tilted crystal ( Fig. 3B ) changed so that it was 1.1346 times longer than that of the untilted crystal (Fig. 3A) . The tilting angle (0) can be calculated from this result (cos 0 = 1/1.1346; 0 = 280 12'). The were continuously visible, possibly because of their long lengths. The c axis was therefore calculated to be approximately 6.0 nm. This finding indicated that the periodicity detected by electron diffraction with the solid column crystals ( Fig. 2C ) and the width of the lattice fringes observed in their electron micrograph (Fig. 1E ) correspond to the c axis.
Further evidence that S. minnesota Re LPS crystallizes. In the present study LPS preparations that were purified further by the procedure that included SDS treatment were used as described above. It was confirmed, however, that the LPS preparations without SDS treatment could also be crystallized. Treatment with RNase (Sigma) (29) , proteinase K (Boehringer GmBH, Mannheim, Federal Republic of Germany) (31), or two cycles of extraction in chloroformmethanol (1:1; vol/vol) to remove free lipids or SDS, which might contaminate the Re LPS preparation when treated with SDS (50), did not affect the crystal formation of Re LPS.
Crystals of Re LPS proved to be insoluble in 0.5% SDS at room temperature, in contrast to the original preparation of Re LPS. To remove uncrystallized LPS, crystallized Re LPS was washed at 20°C twice with 0.5% SDS-50 mM Tris buffer at pH 8.0. Then, crystals were washed three times with 70% ethanol and lyophilized. The amount recovered by the procedure was 95% (wt/wt) of that of the original preparation.
CHN compositions of crystals (C, 52.39; H, 9.04; N, 2.11%; wt/wt) were very similar to those of the control Re LPS preparation (C, 51.62; H, 7.68; N, 2.61%; wt/wt). The content of KDO, which is a specific constituent of LPS, in crystals (23.1%; wt/wt) was also-similar to that in the control preparation (22.7%; wt/wt).
Crystals showed, by electron microscopy, multilayered vesicles, and the thickness of a single layer of the vesicles was about 6.0 nm (Fig. 1H ). This structure was the same as that of the control Re LPS (electron micrograph not shown) and apparently corresponds to the multilayered smectic mesophase of lipid bilayers (3). The SDS-polyacrylamide gel electrophoresis (PAGE) profile of the crystal material showed the same pattern as that of control Re LPS, and the minimal detectable dose was 15 ng for both materials. Also, both materials exhibited heterogeneity and contained at least three components, among which there were two major components. Re LPS has already been shown to consist of three to five components by thin-layer chromatography (41) .
From these results it was concluded that crystals consist of Re LPS.
Electron microscopic observation of crystals of S. minnesota Ra LPS. When Ra LPS was treated in the same way as Re LPS, Ra LPS also formed crystals, either hexagonal plates ( Fig. 4A through C) , whose greatest dimensions were 8 ,um in a diagonal line, or solid columns ( Fig. 4D and E), whose greatest dimensions were 2.5 by 10 ,um. Crystals of Ra LPS were generally smaller than those of Re LPS. There were somewhat irregular hexagonal plate crystals (Fig. 4B) , and they possibly occurred because of unequal growth on six lateral planes {1010}.The hexagonal plate crystals of Ra LPS were thicker than those of Re LPS, as judged by the degree of electron density (cf. Fig. 4A and B with Fig. 1A and B) and usually consisted of multiple layers (Fig. 4C) . Analysis of the hexagonal plate crystals from the direction perpendicular to the basal plane by electron diffraction indicated that the crystals consisted of a hexagonal system with an a axis that was exactly the same length as that of Re LPS ( Fig. 4G) . The crystals were also very labile to the electron beam. In contrast to crystals of Re LPS, the phenomenon of doubling of the a axis to an exactly twofold larger dimension was not observed with crystals of Ra LPS, even after they were kept in 70% ethanol for an additional 160 days. High magnification of the solid column crystals revealed lattice fringes with about 8.5 nm of spacing which consisted of clear and dark zones with almost equal widths (Fig. 4E) . By comparing the lattice fringes with about 5.5 nm of spacing observed in crystals of Re LPS (Fig. 1E) SDS-PAGE profile exhibited a homogeneity of K-12 LPS, in contrast to the result obtained with S. minnesota Re LPS.
X-ray diffraction. Because single crystals of S. minnesota Re and Ra LPSs and E. coli K-12 LPS were not large enough for X-ray diffraction, aggregates of crystals were subjected to X-ray diffraction (Fig. 5) . X-ray diffraction patterns of these samples were characteristic of polycrystals and consisted of a series of inner ring-shaped reflections and an outermost ring-shaped reflection. The series of inner rings of reflections proved to be due to a single periodicity of 5.85 nm in Re LPS (Fig. SB), 8 .47 nm in Ra LPS (Fig. SA) , and 8.75 nm in K-12 LPS (Fig. SD) (12, 13) . From the results of electron and X-ray diffraction analyses and electron microscopic observations, it was concluded that the LPS crystals consist of hexagonal lattices with an a axis of 0.462 nm for all three kinds of LPSs and c axes of 5.85, 8.47, and 8.75 nm for S. minnesota Re and Ra LPSs and E. coli K-12 LPS, respectively. The hexagonal plate crystals appeared to result from preferential growth along the a axis, and the solid column crystals appeared to result from preferential growth along the c axis. In this context, it seems reasonable that the hexagonal plate crystals of S. minnesota Re LPS were generally thinner than those of S. minnesota Ra LPS and E. coli K-12 LPS, as judged by the degree of electron density (Fig. 1A and B and 4A and B) . The shapes of the plane (0001) of the solid column crystals were not clearly observed in this study. Electron microscopic observations of the solid column crystals of S. minnesota Re and Ra LPSs with high magnification revealed bilayer structures of the lattice fringes ( Fig. 1E and 4E) , suggesting that the stacking periodicity along the c axis is due to multiple bilayers of LPS.
Fatty acid chain arrangement. In previous X-ray diffraction studies, it has been suggested that S. minnesota S-form and Re LPSs (9, 34, 56), S. minnesota free lipid A (34, 35), E. coli R-form LPS (8), and E. coli free lipid A (35) in a dried and a hydrated state form bilayered arrangements and that the fatty acid chains of lipid A are tightly packed in a hexagonal lattice with a lattice constant of 0.47 nm (9, 56), 0.49 nm (34, 35) , or 0.50 nm (8). X-ray diffraction patterns obtained from LPS foils, which were obtained by slowly drying a suspension drop on a glass plate and irradiated perpendicularly to the foil membrane normal, suggesting that fatty acid chains of lipid A are oriented perpendicularly to the membrane surface (34) . In phospholipids, the hydrocarbon chains have been found to adopt a variety of conformations, depending on temperature, water content, and chemical structures (5, 54) . The two main states among them are the a phase (a liquid state) and the a phase (a rigid state). The ox phase is the predominant conformation common to Analysis of lipids at the ,B phase by X-ray diffraction gives a sharp reflection at a distance of 0.42 nm, corresponding to hexagonal arrangement with a lattice constant of 0.48 nm of fatty acids oriented perpendicularly to the membrane surface (5, 54) . The results of LPS analyses by X-ray diffraction reported so far indicate that the arrangement of fatty acid chains is very similar to that of the ,B phase of phospholipids.
In studies on the temperature-dependent polymorphism of free lipid A from S. minnesota and E. coli, the synthetic hexaacyl lipid A (compound 506) and the synthetic heptaacyl lipid A (compound 516) X-ray diffraction data did not indicate any drastic changes in the bilayer arrangement even after completion of the acyl chain melting process, and the fluorimetric and calorimetric data suggest that the phase behavior of lipid A is enormously complex compared with that of phospholipids (38) . In the present study, the d value of 0.40 nm (the a-axis value was 0.462 nm) was obtained by analysis of the hexagonal plate crystals of LPS with electron diffraction ( Fig. 2A and 4G) . By comparing the values described above for uncrystallized LPS preparations, fatty acid chains in the crystallized LPS are found to be packed in an hexagonal lattice more tightly than are those in uncrystallized preparations. Hydrocarbon chains of lipid A forming hexagonal lattices are considered in a random orientation about the chain axis and thus behave as cylinders whose radii are 0.231 nm and whose axes are usually perpendicular to the plane (0001), as diagrammed in Fig. 6 and as observed in saturated hydrocarbon chains of lipids (2) . As also demonstrated in Fig. 6 , the area of a unit cell of a hexagonal lattice with an a axis of 0.462 nm comprises the space for one fatty acid chain and the area of a unit cell with an a axis of 0.924 nm comprises the space for four fatty acid chains.
Molecular dimensions of R-form LPS calculated on the basis of crystallographic data and molecular weights based on the proposed structures. It has been shown previously that S. minnesota lipid A exhibits a high degree of heterogeneity and contains at least several components (41), among which there are two major components (16, 32, 37); and these two major components occupy approximately 60% of the total components (37). One is a hexaacyl lipid A, which represents the main component of E. coli lipid A (18, 20, 22, 23, 33) . The other is a heptaacyl lipid A, which was originally assumed to be a typical component of S. minnesota lipid A (48, 49) . The hexaacyl lipid A exhibits a variety of endotoxic activities (18, 20, 33) , whereas the heptaacyl lipid A exhibits only weak activities (16, 26, 32) . Furthermore, by X-ray diffraction and Fourier-transform-infrared investigations, the synthetic E. coli-type hexaacyl lipid A (compound 506) proved to be essentially identical to its natural counterpart in that their fatty acid chains exhibited a highly ordered hexagonal assembly with a lattice constant of 0.49 nm (the d value was 0.425 nm), whereas the synthetic heptaacyl lipid A (compound 516) revealed an unexpected conformational behavior which was different from the hexagonal arrangement found in the hexaacyl lipid A (35) . In their studies, however, natural S. minnesota free lipid A, which contained the heptaacyl lipid A in addition to the hexaacyl lipid A as one of the major components (16, 32, 37) , exhibited the same ordered hexagonal assembly as that found with the hexaacyl lipid A (35) . In the present study, a large proportion (95%) of S. minnesota Re LPS proved to crystallize. The SDS-PAGE profile of the crystal material of Re LPS exhibited the same heterogeneous patterns as the control LPS did. The densities of crystals of S. minnesota Re and Ra LPSs exhibited some degree of diversity, whereas crystals of E. coli K-12 LPS had a homogeneous density ( Table 1 ). The densities of crystals of Ra LPS, whose fatty acid contents in relation to sugar contents were lower than those of Re LPS, were significantly higher than those of crystals of Re LPS ( 6.96 . With respect to all these components, the calculated values were somewhat higher than the numbers of fatty acid chains belonging to a single molecule (six or seven fatty acid chains). The difference from the number of fatty acid chains was greater in the hexaacyl components than in the heptaacyl components. In Ra and K-12 LPSs, which possess larger volumes of R-core than Re LPS, the difference was greater than that in Re LPS. The LPS crystals examined in the present study did not provide any crystallographic information about the conformation of the hydrophilic part of lipid A and the R core. This suggests that the hydrophilic part of lipid A and the R core exhibit a disordered structure or are in a random orientation in the LPS crystals, in contrast to their structures in the hydrophobic part of lipid A. It may be probable that the space for the hydrophilic part of lipid A and the R core belonging to a single LPS molecule exceeds somewhat the limit of six or seven unit cells, and hence, this causes the formation of lattice defects in the crystallized LPS preparations.
Schematic three-dimensional models of R-form LPS. Schematic three-dimensional models of S. about the conformation of the disaccharide backbone as described above, it seems impossible to draw any conclusion about the validity of the value for the width of the disaccharide backbone and that for the lengths of the fatty acid chains. X-ray data showed that the length of the E. coli K-12 LPS along the c axis is very similar to that of the S. minnesota Ra LPS. This is quite reasonable given the fact that the structure of the R core of K-12 LPS is very similar to that of Ra LPS (25) . Electron micrographs of crystals of K-12 LPS showed that the width of the dark zone (hydrophilic region) was nearly equal to that of the clear zone (hydrophobic region). This finding was also very similar to that for Ra LPS. The model of K-12 LPS shown in Fig. 7 (Fig. 1F) . Although there can also be many types of distribution of fatty acid chains which satisfy this situation, we arbitrarily chose a type of distribution of fatty acid chains for each of the hexaacyl and heptaacyl components for better understanding of the three-dimensional models (Fig. 7) .
Labischinski et al. (34) proposed a model of heptaacyl S. minnesota S-form LPS on the basis of X-ray diffraction data and conformational energy calculations. The most striking property of the hydrophilic portion of this model was that the disaccharide backbone is oriented 450 to the membrane surface, leading to a shed roof-like appearance of the membrane surface; and most of the KDO portion can be placed in the indentations of the lipid A surface, the two glucosamine residues of the lipid A backbone are noncoplanar, and the sugar ring planes are oriented approximately perpendicular to the membrane surface. Labischinski et al. (34) stated that these features of the model provide a satisfactory explanation for the very small difference in length (0.4 nm) between the Re LPS (the lipid A plus KDO) and lipid A (34). As described above, results of this study suggest that the hydrophilic part of lipid A and the R core of LPS exhibit a disordered structure or a structure that is in a random orientation. It is therefore difficult to draw any conclusions about the existence of the shed roof-like structure of the hydrophilic part of lipid A and the noncoplanar and perpendicular orientations of the sugar ring planes proposed by Labischinski et al. (34) . However, we also obtained the consistent finding that the contribution of the KDO portion to the LPS length was very small (0.27 nm). The model of Labischinski et al. (34) did not distinguish the R-core portion distal to the KDO units from the polysaccharide portion, because they analyzed only S. minnesota S-form LPS, which possesses the 0-antigen-specific polysaccharide portion, Re LPS, and free lipid A. According to the model of Labischinski et al. (34) , the width of the polysaccharide portion, including the R core distal to KDO, is 3.0 nm. In our model, the width of the R core of Ra LPSdistal to KDO is 1.3 nm. Therefore, the width (3.0 nm) of the polysaccharide portion may be divided into that of the 0-antigen-specific polysaccharide chain (1.7 nm) and that of the R core distal to KDO (1.3 nm). Except for those points mentioned here and as far as it is comparable, the dimension of our molecular model of LPS along the c axis is very similar to that of the model of Labischinski et al. (34) .
Relationship between crystallization and chemical structures of LPS. Under the experimental conditions used in the present study, S. minnesota S-form LPS possessing the 0-antigen-specific polysaccharide chain, which was isolated from S. minnesota SF1111 by the phenol-water method, did not crystallize. This finding suggests that the presence of the 0-antigen-specific polysaccharide inhibits crystallization of LPS. A preparation of free lipid A isolated by acid hydrolysis of S. minnesota Re LPS also did not crystallize under the same experimental conditions. It has been shown that acid hydrolysis for the isolation of lipid A changes a large proportion of lipid A to the monophosphoryl component (1) . This may suggest that the monophosphoryl lipid A did not crystallize under the conditions used in the present study. It has been shown by X-ray diffraction that S. minnesota S-form LPS and free lipid A could exhibit an ordered state, as could Re LPS (34) . Furthermore, the synthetic hexaacyl lipid A (compounds 404, 406, and 506), among which compound 404 is monophosphoryl lipid A, also proved to exhibit an ordered conformation similar to those of E. coli lipid A and S. minnesota lipid A by X-ray diffraction and Fouriertransform-infrared investigations (35) . These findings may suggest that the failure to crystallize is not an absolute property of lipid A. The phenomenon of doubling of the a axis to an exactly twofold larger dimension, which was observed with crystals of Re LPS, was not observed with those of Ra and K-12 LPSs. This finding suggested that the binding of several sugar molecules to KDO inhibits the occurrence of this phenomenon. At the stage when this phenomenon occurred, crystals of Re LPS became more resistant to the electron beam than they did at an early stage. This phenomenon therefore seems to be related to the stability of LPS crystals, and hence, Ra and K-12 LPSs formed smaller crystals than did Re LPS. Although the true mechanism for this phenomenon in crystals of Re LPS is not known yet, it may be related to the occurrence of some regularity of the rotational orientation of fatty acid chains with time.
Crystallization of LPS as a clue to molecular structure research of LPS. As mentioned above, analyses of the LPS crystals obtained by electron diffraction and X-ray diffraction in the present study could only provide insufficient crystallographic information for conclusive determination of the three-dimensional molecular structure of LPS. The content obtained by analysis of the LPS crystals did not exceed that obtained by X-ray diffraction analysis of the oriented multiple bilayer specimens of LPS which has already been performed by many investigators (8, 9, . As far as X-ray diffraction is concerned, this result may be partially due to the small size of a single LPS crystal. It may, however, be essentially due to the nature of LPS crystals, which are characterized by a disordered conformation of the hydrophilic part of lipid A and R core and a random rotational orientation of fatty acid chains of lipid A around the fatty acid chain axis. Despite the limited results of crystallographic analyses of the LPS crystals examined in the present study, our discovery and analysis of the formation of three-dimensional crystals of LPS can open the way for obtaining LPS crystals which are more useful for determination of their detailed molecular structure.
